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Abstract 
ITER (International Thermonuclear Experimental Reactor) is currently in design phase of the nuclear fusion research project, 
which is the world's largest experimental tokamak reactor. Process of plasma generation in the Vacuum Vessel requires an ultra-
high quality of vacuum. To meet those requirements the Vacuum Vessel and adjacent diagnostic systems are exposed to elevated 
temperature after its assembly to outgas all volatile surface contaminants. The baking temperature peaks at 240°C for up to 24 
hours. On the other side most of diagnostic instruments and detectors adjacent to the Vacuum Vessel, which are exposed to the 
same conditions, require much lower temperature during measurement and slightly higher temperature in a stand-by mode. The 
strictest conditions are defined for liquid scintillators, which require the working temperature around 20°C and the temperature of 
destruction several degrees higher. In order to keep diagnostic instruments within required temperature range, a heat shield with a 
heat removal is necessary. The temperature range is often ± 2°C or even more narrow in time and space allotted for detectors. 
Due to space limitations only a thin multilayer solution, including vacuum layers, can be considered. Preliminary calculations 
indicate that to meet the above defined requirements, only a water jacket as the heat shield can be efficient enough to keep 
detectors at the required temperature level and within defined range. An additional multilayer vacuum insulation can significantly 
decrease the cooling demand for the water jacket cooling system. The aim of proposed paper is to find an optimal structure of the 
insulation thermal shield, based on the water jacket solution by using the CFD simulation in ANSYS Fluent software. Moreover 
an extended Parametric Analysis is carried out and discussed. The Surface-to-Surface (S2S) model is applied to simulate heat 
transfer by radiation. In addition the paper contains a discussion about multilayer solutions, characterized by a high thermal 
resistance, and dedicated particularly for vacuum transfer lines with high temperature difference. 
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1. Introduction 
The concept of a Water Jacket cooled by water, assumes that it is a sufficiently efficient Heat Shield. It serves as 
a thermal barrier between high and low temperature zones. The Water Jacket should be, as much as possible, 
thermally isolated from the high temperature structure. The most efficient thermal insulation system is based on a 
vacuum layer (one or more if needed) enclosed by surfaces characterized by low emissivity coefficient. In practical 
applications the thermal barrier is not fully efficient in steady state conditions and gains heat from the hot adjacent 
walls. The excessive heat must be removed from the thermal barrier, to maintain it at the required temperature and 
this is provided by cooling water, circulating along walls of the thermal barrier. For less strict requirements and also 
for reasonably low temperature difference between hot and cold regions, the Heat Shield is often designed as a metal 
shield, made of material, characterized by possibly high thermal conductivity [1].  Temperature of the Heat Shield is 
controlled by water circulating through loops of pipes, which are attached to external or internal surface of the Heat 
Shield. For more thermally loaded cases and also for high thermal requirements, the only efficient solution is the one 
based on the Water Jacket concept.  
The aim of proposed paper is to analyse efficiency of the multilayer insulation thermal shield structure, based on 
the Water Jacket concept, by using of the 3D CFD simulation in ANSYS Fluent software. The Surface-to-Surface 
(S2S) model is applied to simulate heat transfer by radiation. In addition the paper contains a discussion about 
multilayer solutions, characterized by a high thermal resistance, and dedicated particularly for vacuum transfer lines 
with high temperature difference. 
2. Geometry & numerical mesh 
The practical application of the Water Jacket, designed for the purpose of the present analysis is shown in Fig. 1a. 
The 3D numerical mesh generated in ANSYS Workbench model is shown in Fig. 1b. The constant cross section of 
the model along its axis allows using a Sweep Method in the ANSYS Meshing module.  
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Fig. 1. (a) 3D model - zones and their basic dimensions; (b) View of fragment of of 3D mesh 
The total length of the Water Jacket is 200 mm. 
The Water Jacket layout is based on two axisymmetric cylinders made of stainless steel, one inserted into another, 
forming a thin layer between their walls, filled with circulating water. Names of zones and their basic dimensions are 
shown in Table 1. 
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     Table 1. The Water Jacket – zone names and basic dimensions. 
No Name Dimension [mm] Description 
0 Inner Wall 75 Diameter 
1 Internal Cylinder 3 Thickness 
2 Water 3 Thickness 
3 External Cylinder 3 Thickness 
4 Vacuum 3 Thickness 
5 External Shell 10 Thickness 
6 Supporting Element 2 Width 
 
An internal space, within the Internal Cylinder (1) is allotted for a diagnostic instruments installation. It is 
assumed that the Inner Wall (0) of Internal Cylinder (1) is ideally thermally connected with diagnostic instruments, 
thus their temperatures are considered as the same. Temperature of the Internal Cylinder is regulated by the 
temperature of the circulating Water (2). It is assumed that all diagnostic instruments are thermally connected with 
the Internal Cylinder (1) and entire thermal load is absorbed by the Water through the Internal Cylinder (1). The 
External Cylinder (3) absorbs the heat by radiation, through the Vacuum (4) layer, emitted by the adjacent surfaces 
of the External Shell (5). Moreover, the Supporting Elements (6) are indispensable to fix the Water Jacket, despite of 
that they constitute additional thermal bridges. From the thermal insulation point of view, the emissivity coefficient 
of walls adjacent to the Vacuum should be as low as possible and the number, size and thermal conductivity of the 
Supporting Elements should be possibly minimized. 
3. Global boundary conditions, material properties and numerical models 
Global boundary conditions used in all subsequent simulations are defined as it is shown in Table 2.   
Table 2. Global boundary conditions and material properties 
Boundary condition Value 
Inlet Water temperature 293 K 
External Shell Temperature  513 K 
Heat load from diagnostic instruments 2 W 
Material of all structural components Stainless Steel 316L 
Cooling Water properties Demineralized water 
Vacuum properties Vacuum: air at constant density, max. 10 Pa 
 
The major heat rate to the Water Jacket is transferred from the External Shell to the External Cylinder, by 
radiation, surface to surface, and locally by thermal conduction through the Supporting Elements. It is assumed that 
thermal conduction and convection effects contribution to the overall heat transfer through the Vacuum layer is 
negligible [2], mainly due to extremely low density of the gas and a thin Vacuum gap. 
The additional minor heat load, generated by diagnostic instruments, is assessed at the level of 2 Watts. 
Diagnostic instruments are located inside space, outlined by the Inner Wall (0). In the simulation it is defined as a 
constant Heat Flux boundary condition on the Inner Wall of the Internal Cylinder. 
According to ANSYS Fluent Documentation [3], recommended optimal numerical models are as follows: 
x Pressure based, steady-state model for flow calculations, 
x Laminar flow, 
x Surface-to-Surface radiation model.  
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4. Simulation results 
Preliminary calculations indicate, assuming that geometry and dimensions are constant, that influence of three 
parameters is dominant: water flow rate, internal emissivity and thermal conductivity of solid materials. The above 
mentioned parameters are defined in the simulation task as boundary conditions and material properties. Boundary 
conditions and material properties, in addition to those defined in Table 2, are as follows: 
x Water Inlet Velocity: 0,5 [m/s], 
x Constant internal emissivity of all walls participating in radiation: 0.5 
x Constant thermal conductivity: 0,5 W/mK 
Steady-state simulation results are very promising and indicate that the idea of the Heat Shield by the Water 
Jacket is fully effective. Temperature contours on three cross sections and selected walls are shown in Fig. 2. The 
entire Water Jacket is in low uniform temperature, except of regions with direct solid-solid contacting areas. 
 
Fig. 2. Temperature contours on three cross section planes and on selected walls 
Contour of temperature along the Inner Wall (0) is shown in Fig. 3a. Contours of temperature along the External 
Cylinder (3) and the Supporting Elements (6) are shown in Fig. 3b. 
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Fig. 3. (a) Contours of temperature along the Inner Wall of the Internal Cylinder; (b) Contours of temperature put on surfaces of the External 
Cylinder and Supporting Elements 
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In more strict thermal requirements, e.g. narrow range of acceptable temperature, the impact of the Supporting 
Elements (6) may cause problems with thermal uniformity. There are two possible ways to limit heat transfer by 
conduction through the Supporting Elements: by using low-thermal-conductivity insulating materials or/and by 
limiting thermal contact area. For instance number and length of the Supporting Elements can be limited. 
Assumed boundary conditions and numerical results of key parameters of the Water Jacket are shown in Table 3. 
All results are reported as a Facet Average value on selected surface.  Average temperature of the Inner Wall (0) of 
the Internal Cylinder (1) is a key Output Parameter in this simulation, because it is defined by the fundamental 
requirements for diagnostic instruments, located inside the internal space.   
Table 3. Boundary conditions and results of key parameters 
Name Value Type 
Inlet Velocity [m/s] 0.5 Boundary Condition 
Internal Emissivity 0.5 Boundary Condition 
Supporting Elements Conductivity [W/m K] 16,27 Boundary Condition 
Water Outlet Average Temp. [K] 293,5 Result 
Inner Wall (0) Average Temp. [K] 293,1 Result 
Pressure Drop [Pa] 202,3 Result 
5. Parametric analysis 
The parametric analysis has been carried out using a Response Surface module in ANSYS Workbench 16.  
Design of Experiments Type: Central Composite Design, Face Centered-Enhanced. With above mentioned settings 
and three different Input Parameters, the number of Design Points is 30. 
Input Parameters: The Input Parameters are defined in Table 4. An upper bound of the Inlet Velocity (P3) is 
defined as a typical recommended maximum value in hydraulic water pipelines. The Internal Emissivity (P2) varies 
between its theoretical limits, while the upper bound of the Supporting Elements Conductivity (P1) is slightly higher 
than average thermal conductivity of Stainless Steel. 
Table 4. Range of variation of the Input Parameters 
ID Name Lower Bound Upper Bound 
P3 Inlet Velocity [m/s] 0.2 2 
P2 Internal Emissivity 0.1 1 
P1 Thermal Conductivity of the Supporting Elements [W/m K] 3 20 
 
Range of Output Parameters: Design of Experiments module in ANSYS Workbench allows to define large 
number of Output Parameters and to draw correlation charts between Input and Output Parameters.  
Selected results of parametric analysis are shown below in Table 4. The minimum and maximum values for each 
Output Parameter outline boundaries of possible results within range of Input Parameters. 
The analysis of values in Table 5 and subsequent charts allows optimizing the cooling system and its components. 
Table 5. Minimum and maximum values for each output parameter 
ID Name Min. value Max. value 
P8 Water Outlet Temp. (K) 293.05 293.98 
P9 Inner Wall Temp. (K) 293.03 293.18 
P13 Ext. Shell Vacuum-side Wall Temperature (K) 505.54 511.2 
P14 Pressure Drop (Pa) 31 2202.1 
P15 Heat Transfer Coefficient – External Cylinder –Water [W/m2K] 458.3 1834.1 
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Response charts: The response chart is a graphical tool adequate to show correlation between Input Parameters 
and Output Parameters. A full 2nd order polynomial approximation curve has been selected to draw relation between 
chosen Input and Output Parameters.  Relation between P3- Inlet Velocity and P9 - Internal Cylinder Inner Wall (0) 
Temperature is shown in the chart, Fig. 4a. The response chart assumes that Input Parameters correspond to values 
defined in Table 3, except of Input Parameter being variable in the chart. As an example, the parameter P3 in Fig. 4a 
is variable, while parameters P1 and P2 are constant. As it has been expected, the raise of water velocity causes a 
decrease of average temperature of Inner Wall (0) of the Internal Cylinder.  What is important, the curve inclination 
decreases along with rise of water velocity, what in practice reduces a cooling efficiency of the Water Jacket. Taking 
into account that water velocity is positively related with pressure drop, there is a practical limit of the velocity.   
Local sensitivity: The Local Sensitivity chart shown in Fig. 4b, allows to compare of influence of selected 
variable Input Parameters on Output Parameters. The conclusion is, that parameter P9 - Internal Cylinder Inner Wall 
(0) Temperature depends mainly on the Water Velocity (Mass Flow Rate) and to limited extent, on the two 
remaining Input Parameters: Thermal Conductivity P1 of the Supporting Elements (6) and Internal Emissivity P2. 
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Fig. 4. (a) Inlet Velocity vs. P9 - Inner Wall Temperature; (b) Local sensitivity of all input parameters 
Pressure Drop: The pressure drop value mainly depends on fluid velocity. Keeping pressure drop in the Water 
Jacket as low as possible is economically advantageous, because it has dominant impact on size of pumping system 
and in consequence on investment and operation cost. On the other hand, low mass flow rate of water, gives in result 
a higher temperature gradient along the Water Jacket and can be applied in cooling systems with less strict 
requirements of thermal stabilization, as it is shown in Fig. 4a.  
For the Inlet Velocity of 0.2 m/s, the temperature of the Inner Wall increases by approx. 0.15 °C. Further 
reduction of the Water Flow causes a rapid increase of water temperature and in consequence the temperature of the 
Water Jacket. Assuming that typical thermal requirement for cooling system in detector cooling applications is to 
keep it within ± 2°C range, still there is a potential for reduction of water flow rate. However this requires more 
detailed study with detailed design of the Water Jacket, because an overall heat transfer depends on several 
independent variables, e.g. area of contact with the Supporting Elements, thermal conductivity and emissivity.  
Supporting elements: A heat transfer by conduction through Supporting Elements is double-disadvantageous: 
significantly contributes to the overall heat transfer and generates the thermal bridges, which are problematic in 
several aspects. First they generate high thermal non-uniformity, what can be observed in Fig. 3a. Second, they are 
in direct contact with two components being at highly different temperature level. Besides mechanical problems, 
which are not considered in the paper, there is a question of their stability along time. In the simplified analysis it is 
assumed, that all adjacent components are in an ideal thermal contact.  Relation between the Thermal Conductivity 
P1 of the Supporting Elements and the Inner Wall Temperature P9 is shown in Fig. 5a.  
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Fig. 5. (a) P1- Supporting Elements Thermal Conductivity vs. P9 - Inner Wall Temperature; (b) P3- Inlet Velocity vs. P13 – External Shell 
Vacuum-side Wall Temperature 
The upper boundary is set to 20 W/mK, because it is the maximum thermal conductivity o the potential material 
to be used – Stainless Steel. The Lower Bound is set to 3 W/mK, as it is close to the lowest thermal conductivity of 
currently available isolating materials. The rise of the Inner Wall Temperature by 0,05°C shows that the influence on 
the average temperature of parameter P1 – Thermal Conductivity is comparable to the influence of parameter P2- 
Internal Emissivity. In order to limit the heat exchange by conduction, it is recommended to limit the contact surface 
area and the conductivity of the Supporting Elements (“spacers”) between the Water Jacket and the External Shell. 
Baking process: The extremely high standard of cleanliness within the Vacuum Vessel [4] requires all the 
surfaces, adjacent to the High Vacuum voids, to be warmed up at high temperature, after its assembly, to outgas all 
volatile surface contaminants. Baking process is performed to facilitate cleanup of all impurities in the plasma 
Vacuum Vessel. The baking typically temperature peaks at around 240°C for extended period (up to 4 weeks of 
continuous operation). The minimal temperature of adjacent surfaces during the baking process is 200 ̊C [5]. This 
requirement implies that the temperature of surfaces adjacent to the Vacuum (4) layer cannot be lower than 200 ̊C. 
Relation between Input Parameter P3 – Inlet Velocity and the Output Parameter P13 – External Shell Vacuum-side 
Wall Temperature is shown in Figure 5b. The average temperature varies around 507 K (234 ̊C). It is well above 
minimal requirements, but this information may be misleading, because it is presented as an average value. Locally, 
near to the Supporting Elements, the temperature drops to 450 K, as it is shown in Fig. 3b.    
Moreover all remaining surfaces adjacent to the Vacuum layer are at significantly lower temperature.  
The conclusion is, that presented cooling layout does not meet requirements for valid baking process and the 
Vacuum (4) cannot be connected with the Vacuum Vessel. A secondary separated vacuum system is required to feed 
the Vacuum (4).  
In reference to the model shown in Fig. 1a, the primary vacuum common with Vacuum Vessel encloses the model 
considered in present analysis. Thus requirement of minimal temperature 200 ̊C concerns the outer surfaces of 
External Shell. 
Guidelines and input data for design of cooling system: Determination of input data for design of cooling system 
is one of the fundamental goals of many CFD simulations.  Mass flow rate and outlet temperature belong to the key 
necessary parameters. A hyperbola shaped relation between parameter P3- Inlet Velocity and P8 – Water Outlet 
Temperature is shown in Fig. 6a. The maximal increase of Water Outlet Temperature is near to the lower boundary 
of the Water Velocity and peaks to 0.8 ̊C. 
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Fig. 6. (a) P3- Inlet Velocity vs. P8 – Water Outlet Temp.; (b) P3- Inlet Velocity vs. P15 – HTC. between the External Cylinder and Water 
Next important parameter, necessary particularly for simplified analytical calculations and also for 2D CFD 
simulations is Heat Transfer Coefficient. A graph showing relation between parameter P3 – Water Inlet Velocity and 
P15 – Heat Transfer Coefficient between the External Cylinder and Water is shown in Fig. 6b. For Average Water 
Velocity in the range 0,2 ÷ 2 m/s, the Heat Transfer Coefficient varies almost linearly from 800 W/m2K to 1500 
W/m2K. The input data necessary for preliminary design of cooling system shown in Table 6 are based on boundary 
conditions defined in Table 1 and Table 2.  
Table 6. Boundary conditions and results of key parameters 
Final Results  Value Type 
Inlet Water Temperature 293 K Boundary Condition 
Outlet Water Temperature 293,5 K Result 
Pressure drop Δp 202,3 Pa Result 
Cooling demand (heat to be removed)  828 W Result 
Water Mass Flow Rate 0,395 kg/s Result 
6. Discussion and conclusions  
The Water Jacket, playing role of a heat shield between hot and cold regions in highly thermally loaded systems, 
is a fully efficient method of temperature stabilization. As it is shown in chapter Parametric Analysis, there is a full 
control of major system thermal parameters in desired range by controlling of Water Flow Rate. The rest of Input 
Parameters, variable in the present analysis are not controllable and remain generally constant during operation. 
The layout of the Water Jacket presented in the paper meets all requirements related to diagnostic instruments. 
However, it does not meet requirements for baking process. Moreover, the it requires relatively high cooling power. 
In the further development of the Water Jacket there will be the double-layered Vacuum barrier considered. 
7. References 
[1] Kantor, R., 2014, Optimization of the LUCID detector heat shield cooling, 20th International Conference of Process Engineering and 
Chemical Plant Design, Berlin, pp. 165-177, ISBN 978-3-00-047364-7. 
[2] VDI Heat Atlas Second Edition, Springer-Verlag Berlin Heidelberg, 2010. 
[3] ANSYS Fluent Documentation, v. 16.0 
[4] ITER_Vacuum_Handbook, 2EZ9UM v2.3 
[5] Generic Diagnostic Port Plug Requirements, (ITER_D_33LH72). 
